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Abstract
In this work, DC electric field-assisted ion exchange was carried out to enhance the
sodium-potassium inter-diffusion and improve the mechanical performance of
borosilicate glass. Electric fields with intensity varying between 100 V cm-1 and 3000
V cm-1 were applied in both direct and inverted polarizations. Four point bending test
and the Vickers indentation method were used to characterize the mechanical
properties. Energy dispersion x-ray spectroscopy was carried out to determine the
potassium concentration within the surface layers of the samples.
The analysis of the potassium concentration profile near the surface shows that the
external electric field governs the ion exchange process and it is possible to send
potassium ions down to a depth of 45 µm in only 5 min. By plotting the electrical
current versus time, it is revealed that the process stops after a certain saturation time.
Vickers indentation measurements show that the compressive residual stress in the
samples treated under electrical field is 3 times higher than that obtained by conven‐
tional chemical tempering. The bending strength of samples prepared by reversing
the field direction is higher than that measured in specimens treated only on one side
due to the symmetrical distribution of the stress on both sides.
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1. Introduction
During the ion exchange process on glass, some ions in the materials are replaced by new ions
from the liquid that can modify the physical and chemical properties locally [1-3]. The ion
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exchange process has been widely used to change the reflective index in a selected area of glass
for producing waveguide devices [4, 5]. Starting about 50 years ago, ion exchange has been
employed also to improve the mechanical properties of silicate glass [1].
Surface defects are responsible for the limited glass resistance and its large scatter [6]. The
creation of a compressive stress layer in the surface of the material can limit the formation or
propagation of flaws and improve the mechanical properties; thermal and chemical tempering
of glass are two main methods for producing a compressive stress in the glass surface. The
thermal method is widely used to make windows and other transparent flat structural
components [2, 7].
The ion exchange or chemical strengthening of glass was almost abandoned for many years
because of the high processing cost and long-duration process. In recent years, this method
has been reconsidered because of the possibility of mechanical treatment after strengthening,
the applicability to complicated shape and limited thickness components, and the absence of
optical distortion [8].
The ion exchange process is typically carried out by immersing the components made of a
glass containing lithium or sodium in molten potassium nitride salt. The process can be carried
out at a temperature between the melting point of the salt and the transforming temperature
of the glass and takes times in excess to 4 h, depending on the required depth for the com‐
pressive stress layer. After finishing the process, the samples are removed from the bath and
the salt on the surface is simply washed out by water [2, 9].
The ion exchange process can be considered as an inter-diffusion reaction between the mobile
ions in glass and the cations in the molten salt while the other glass components are considered
as an immobile matrix of negative groups [10-13]. An external electric field can be the source
of an extra driving force for the inter-diffusion of the mobile ions. This process is known as
electric field-assisted ion exchange (EF-IOX) and it has been used especially for manufacturing
waveguides [4, 5, 14, 15]. Three different procedures have been proposed. In the first one, a
thin metal film as a source for ions is applied on the glass surface and the application of an
electric field induces the oxidation/reduction at the interface with glass that generates cations
that move into the glass on the anode side, creating the chemical concentration profile [5, 16,
17]. Alternatively, a molten salt can be used as the ion source at only the anode side of the
sample, the cations at the anode side penetrates into the glass under the field [5]. In the last
approach, the sample acts as a wall, separates two molten salt baths and each bath is connected
to an electrode; by applying the electric field the cations in the salt start moving in the direction
of the electric field [4, 5, 14].
By considering the ions flow and the electrical charge neutrality balance, different mathemat‐
ical modelling have been proposed for the ion diffusion during the exchange process [18]. For
a large enough field, the concentration of exchanged ions, at distance x from the surface and
at time t, can be defined as:
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where C0 is the surface concentration of the ions, E the applied electric field, µ the ion mobility,
and D the inter-diffusion coefficient [8]. Thermal diffusion does not play an active role and the
migration of ions is governed by the electric field, only. Consequently, a step-like profile is
generated in a short period of time for the ions concentration [9]. The long range migration of
cations in the glass allow to produce a deeper compressive layer [18, 19].
Field-assisted ion exchange has been limitedly studied with the aim of improving the me‐
chanical properties during the 1970s [20]. The main problem was the unbalanced residual stress
that caused the deformation of the samples.
In this work, we performed electric field-assisted ion exchange on commercial borosilicate
glass tubes, thus avoiding the problems associated with the deformation of the samples. The
aim was to analyze the possibility of using an external field for speeding up the ion exchange
process and obtaining improved mechanical properties.
2. Experimental procedure
Borosilicate test tubes from commercial sources, Fiolax clear, Schott, were used in this study.
The glass transition temperature was measured by the differential scanning calorimeter (DSC)
(DSC2010, TA Instruments, USA) method [21]. The chemical composition and the physical
properties of the glass are shown in Table 1 [22]. The tubes having nominal thickness and outer
diameter of 0.5 mm and 11.8 mm, respectively, were cut in 100 mm long samples. The limited
thickness of the tubes allows thermal equilibrium between the sample and the salt bath during
the process.
Chemical composition (wt%) Physical properties
SiO2 B2O3 Al2O3 Na2O CaO Density (g/cm3) Glass transition temperature (°C)
75 10.5 5 7 1.5 2.34 582
Table 1. The chemical composition and the physical properties glass tubes used for ion exchange
The samples were ultrasonically cleaned in distilled water for 5 min, washed with acetone and
air dried. They were treated in a modified lab furnace schematically reported in Figure 1. One
sample at a time was treated but current and applied voltage were constantly monitored and
controlled during the process to guarantee a similar procedure for all samples. The applied
electric field varied between 100 to 3000 V cm-1 and the current density was limited to 4, 8, and
16 mA cm-2. The samples were kept over the bath for 20 min before the process as a preheating
step; then, they were filled with molten salt and immersed in the bath kept constant at 400±2°C.
After applying the electric field. The tube was immediately emptied from the molten salt and
held for 20 min over the bath. At the end of each cycle the samples were ultrasonically washed
with distilled water. Ten samples were also treated by conventional ion exchange in a com‐
mercial lab furnace, Lema TC 20 A, Italy, for comparison, by holding 4 h at the identical
temperature. Potassium nitrate salt (>99.5% pure) from commercial source was used.
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Figure 1. Schematic experimental setup used for field-assisted ion exchange
A four-point bending test was carried out to determine the mechanical strength, using inner
(L1) and outer (L2) span equal to 10.3 and 40 mm, respectively. The test was carried out in lab
air (temperature≈20°C, relative humidity ≈40%) with a constant loading rate of 1.1 MPa/s. The
failure stress was calculated as:
( )24 42 1
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where a is (L2-L1)/2, r1 and r2 the internal and the external radius of the tube, Fmax the maximum
load.
The presence of residual stresses on the surface layers was estimated by Vickers indentation
method. The residual stress, σr, approximated as constant on the surface layers can be calcu‐
lated as: [23]
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P* being the indentation load, c the crack length, Kc the fracture toughness, χr and Ω two
geometrical constants depending on the indenter and the crack shape, respectively.
The potassium penetration profile was measured on the fracture surface of test tube fragments.
The fragments were fixed on an aluminum disk with an adhesive conducting tape and coated
with Au-Pd alloy. The microscopic observation was carried out by a scanning electron
microscope (SEM) (JSM 5500, Jeol, Japan). A clean path was chosen for analyzing the potassium
Kα on a certain length, around 70 µm long, by using energy dispersion x-ray spectroscopy
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(EDXS) (EDS2000, IXRF System, USA) probe. The surface chemical composition of the glass
before and after the treatment was also determined by EDXS.
3. Results and discussion
Figure 2 shows how the current density changes as a function of time during the EF-IOX tests.
The current density limit was fixed at 20–25 A m-2 depending on the immersion depth of the
test tube in the molten salt. For the samples subjected to fields with intensity lower than 500
V cm-1, the current density shows similar trend, steadily decreasing with process time; for more
intense electrical fields the current reaches a saturation limit, corresponding to the imposed
current density limit, and rapidly decreases. During the process, it is thought that small sodium
ions with high mobility are replaced by larger less mobile potassium ions, this determine an
overall decrease in the ions movement and, consequently, a reduction of the current density.
The evolution of current density with time under different fields (500 to 3000 V cm-1) in the
condition of current limit = 16 mA cm-2 is plotted in Figure 3. All curves have a similar shape:
the maximum current density is recorded at the initial application of the field and it is
proportional to the applied field intensity. After 400 s, the current density decreases to 10% of
the initial one.
Figure 2. Current density vs. time for different fields (a constant current density limit was set at ≈ 4 mA cm-2)
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Figure 3. Current density vs. time for samples treated under different fields with current density limit of 16 mA cm-2
The molar ratio between alkaline oxides (K2O/(Na2O+ K2O)) as measured by EDXS is chosen
as an indicative parameter of the surface chemical composition variation. The values for
samples treated under fields of 500 and 2000 V cm-1 and current limit of 16 mA cm-2 are
summarized in Table 2: It is clear that sodium ions are completely replaced by potassium in
the outer surface, cathode side, while in the inner surface, anode side, sodium is detected.
By applying the electric field, potassium ions are moved into the glass in the direction of the
field. Highly mobile sodium ions move faster in the glass than potassium ions and can reach
the other side of the glass; as a result, one side of the glass is saturated with potassium and the
other one has high amount of sodium. Some limited thermal ion exchange can occur during
the process on the anode side and sodium ions are replaced by potassium.
Treatment conditions Alkali Ratio
As-received 0
500 V cm-1 - Inner surface 0.7
500 V cm-1 - Outer surface 1
2000 V cm-1 - Inner surface 0.7
2000 V cm-1 - Outer surface 1
Table 2. K2O/ (Na2O+ K2O) molar ratio of test tubes after the field-assisted ion exchange
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The area beneath the current density versus time curves represents the amount of ions moved
through the unit area of the sample during the process. According to Eq. 1, the exchanged layer
has a constant concentration of potassium ions and the following equation was proposed to
calculated the thickness of the exchanged layer, Δ, in soda-lime silicate glass [24]:
( ) ( )
2
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F being Faraday’s constant, 96458.34 C mol-1, C0 the concentration of mobile ions in the base
glass (i.e., the sodium concentration in the base glass = 2.64×10-3 mol cm-3), and J the current
density. By using Eq. 4, the depth of ion exchange varies between 8 to 120 µm depending on
the intensity of the applied field. The depth of the exchanged layer is constant when the current
density changes. Figure 4 shows how the current density varies with time for samples subjected
to a field with intensity of 2000 V cm-1 and different current limits. By applying a current density
limit, it assumes a constant value for a certain time and then decreases. After 200 s, all samples
have similar behavior. The duration of the constant current step for the sample treated under
a current limit of 8 mA cm-2 is longer; this makes the area underneath the curves and the amount
of ions moved into the glass equal to the samples treated under current limit of 8 or 16 mA
cm-2 and the amount of exchanged ions is the same for all samples after enough long time.
Conversely, it is reported that the amount of exchanged ions depends on both the intensity of
the electric field and the applied current limit for soda-lime silicate glass [24].
Figure 4. Current density vs. time for samples treated under field with intensity of 2000 V cm-1 and different current
density
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The potassium concentration profile near the surface of the samples subjected to the EF-IOX
for 10 min are shown in Figure 5. In the outer surface a step in the concentration profile occurs
for all conditions and the potassium penetration depth increases with the field intensity. The
penetration depth is lower than that estimated by Eq. 4, according to mass balance and charge
neutrality. During the process a local electric charge can be formed in the sample due to
different mobility of sodium and potassium ions and, consequently, a local field is formed.
Such local field can neutralize the external applied filed and prevent further exchange.
Figure 5. Potassium concentration profile in the external surface (cathode side) of tubes treated under different fields
Figure 6 shows the potassium concentration profile of glass tubes near the inner surface.
Differently from Figure 5, similar profiles are recorded for different applied electrical fields
and these resemble typical diffusion profiles obtained by conventional ion exchange process
[7]. Probably, thermal ion exchange can be responsible for the observed diffusion concentration
profile; nevertheless, more studies are required to reveal possible causes of such phenomenon.
All glass tubes subjected to the double (direct and inverse) field polarization—the initial one
being out-to-in (Figure 7)—showed several surface cracks as in Figure 8; the cracks are on the
inner surface and in some cases they reach the external one. Conversely, the samples treated
first under a field with in-to-out polarization possess a structure similar to those subjected to
conventional ion exchange. One possible reason for the formation of the observed cracks can
be related to differential deformations between inner and outer surface upon the double ion
exchange process. When potassium ions move into the outer surface of the tube first, the
exchanged layer expands and compressive stress is formed due to the difference between the
specific volume of the surface layer and the base glass. By exchanging the ions in the inner
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surface during the second step, the expansion of the internal surface due to the geometry of
the tube produces extra stresses in the interface of the exchanged layer and base glass.
Conversely, by treating the inner surface first, the outer surface goes into tension because of
the inner expansion and some cracks can be formed.
Figure 9 shows the bending strength of samples treated by different methods. The samples
treated under the field on only one side are stronger than the as-received tubes but slightly
weaker than the specimens subjected to conventional ion exchange processes. After the double-
field polarization process, the strength increases further although the scatter becomes much
larger.
Optical microscopy photographs of typical indentations on treated samples are reported in
Figure 10. If the indentation load is 40 N no cracks are generated; conversely, at 50 N well-
developed cracks are generated; therefore, a threshold load for crack formation can be pointed
out for the strengthened samples, which is much higher than that for as-received glass,
estimated equal to about 4 N. The effect of the compressive residual stress is absolutely clear.
The residual stress is built up by local replacement of small ions by larger ions during the ion
exchange process; in the samples treated under the electric filed one should expect that the
compressive stress is substantially built up only on one surface of the glass tube, it being
balanced by tensile stresses in the remaining of the thickness [24]. The residual stress can be
calculated by Eq. (3) from the measurement of the indentation crack length [25] and the results
are shown in Table 3. The residual stress built up by the electric field-assisted process is
significantly higher than that obtained in conventionally treated samples; the stress intensity
increases further after the double-reversed electrical field treatment. Stress build up by
Figure 6. Potassium concentration profile in the internal surface (anode side) of tubes treated under different fields
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exchanging ions is considered based on the volume change of glass during the process; the
steep change of the potassium concentration profile produces higher residual stress compared
to the gradual change in the thermally induced exchanged glass.
Treatment Condition Conventionally-IOX EF-IOX Double & reversed EF-IOX
Residual stress (MPa) 26 49 91
Table 3. Calculated residual stress in the glass tubes treated by conventional ion exchange and EF-IOX
Figure 7. Current density vs. time for samples treated under direct and inverse electric field. The initial field polariza‐
tion is (a) outside to inside, (b) inside to outside
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Figure 8. Crack formation in the glass tube during the EF-IOX with “out-to-in” electrical field polarization
Figure 9. Four-point bending strength of glass tubes
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Figure 10. Vickers indentations on as-received samples subjected to (a) 3 N, (e) 5 N and samples subjected to 40 N
indentation load, (b) ion exchanged (IOX), (c) EF-IOX, one side, (d) EF-IOX both sides, and 50 N indentation load, (f)
ion exchange, (g) electric field-assisted ion exchange(EF-IOX), one side, and (h) EF-IOX both
4. Conclusions
Ion exchanged strengthening of borosilicate glass tubes was carried out under an electric field
by using relatively short treatment times. The depth of the exchanged layer increases with the
field intensity. Reversing the field polarization can modify the residual stress; moreover, the
sequence of applying the fields with different polarizations is important to avoid the formation
of cracks on the glass surface. Bending strength of samples treated by the double-reversed field
is higher compared to those subjected to EF-IOX on one side or to conventional ion exchange.
Additional studies are required to find the effect of different parameters, such as salt and glass
composition, treatment time and temperature, field intensity and other thermodynamic and
electric factors on the assisted ion exchange process. The structural changes during the electric
field should also be investigated. Nevertheless, the preliminary results obtained in the present
work point out that electric field-assisted ion exchange can be employed for improving the
mechanical properties by relatively short duration treatments.
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